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To optimize their growth and survival, plants perceive and respond to ultraviolet-B (UV-B) radiation. However, neither the molecular identity of the UV-B photoreceptor nor the photoperception mechanism is known. Here we show that dimers of the UVR8 protein perceive UV-B, probably by a tryptophan-based mechanism. Absorption of UV-B induces instant monomerization of the photoreceptor and interaction with COP1, the central regulator of light signaling. Thereby this signaling cascade controlled by UVR8 mediates UV-B photomorphogenic responses securing plant acclimation and thus promotes survival in sunlight.
S unlight is of primary importance to sessile plants, both as an energy source to fuel photosynthesis and as an informational signal influencing their entire life cycle. Several families of plant photoreceptors have evolved that monitor light ranging from ultraviolet-B (UV-B) to the near infrared and allow optimal adaptation to light (1) (2) (3) . Plant perception of UV-B radiation as an environmental stimulus is known to affect growth and development (1, 2, (4) (5) (6) (7) (8) ; however, no photoreceptor protein specifically sensing UV-B radiation has yet been molecularly identified.
We previously provided evidence for a specific pathway mediating molecular and physiological responses of Arabidopsis to low-level UV-B, involving the bZIP transcription factor ELONGATED HYPOCOTYL 5 (HY5), the E3 ubiquitin ligase CONSTITUTIVELY PHOTO-MORPHOGENIC 1 (COP1), and the b-propeller protein UV RESISTANCE LOCUS 8 (UVR8) (4, 9-11). UVR8 contains sequence similarity to the human guanine nucleotide exchange factor Regulator of Chromatin Condensation 1 (RCC1) (12) ; however, available evidence suggests that RCC1 and UVR8 differ in activity and function (1) .
cop1 and uvr8 mutants show no UV-B photomorphogenic responses, and COP1 and UVR8 proteins interact within minutes in planta in a strictly UV-B-dependent manner (4). Moreover, both proteins were found to accumulate in the nucleus under supplementary UV-B radiation (11, 13) . These properties are reminiscent of known photoreceptors (3, 4) . In agreement with such a function, we found that the UVR8-COP1 interaction also takes place in protein extracts in a very rapid, UV-B-dependent manner (Fig. 1A) , mimicking the in planta situation described before (4) . This feature allowed us to further investigate the requirements for this early response to UV-B. We UV-B-irradiated separately protein extracts containing either yellow ) or not (-) on ice. In combinations of the extracts, co-IP of UVR8 with YFP-COP1 was detected only when extracts containing UVR8 (cop1-4) were UV-B-treated and not when only YFP-COP1 was treated (cop1uvr8/Pro 35S :YFP-COP1). (C) Yeast two-hybrid interaction of UVR8 and COP1 is UV-B-dependent (16 hours, 1.
) and is impaired in nonfunctional UVR8 and COP1 mutant proteins. b-gal., b-galactosidase; MU, Miller units.
www.sciencemag.org SCIENCE VOL 332 1 APRIL 2011 fluorescent protein (YFP)-COP1 but not UVR8 (cop1 uvr8/Pro 35S :YFP-COP1 line), or UVR8 but not YFP-COP1/COP1 (cop1 mutant), and then mixed them with non-irradiated extracts containing the respective partner protein, followed by coimmunoprecipitation (co-IP) assays of UVR8 using antibodies to YFP (Fig. 1B) . The results showed that UV-B irradiation of extracts containing UVR8 was both required and sufficient for the interaction with YFP-COP1 (Fig. 1B) , indicating a primary function of UVR8 in UV-B signal perception.
The UVR8-COP1 interaction thus provided a robust readout to test whether an initial UV-B response could be synthetically generated in an heterologous system. We used the yeast twohybrid test system in Saccharomyces cerevisiae to further examine the UVR8-COP1 interaction. It is necessary to note that yeast does not contain a COP1 homolog (14) nor a UVR8 protein [a structurally related protein is a bona fide RCC1 homolog (12, 15) ]. In yeast, UVR8 also interacted with COP1 in the presence of UV-B but not in its absence ( Fig. 1C and fig. S1 ). This resembles the red-and blue light-specific interactions of phytochrome and cryptochrome photoreceptors with their early targets in yeast (16) (17) (18) and strongly indicates that UVR8 and COP1 are sufficient to constitute an early UV-B-specific response in a nonplant heterologous system. Consistent with the evidence in planta (4, 10), UVR8 proteins containing mutations that impair UV-B-induced photomorphogenesis in vivo, namely uvr8-2 (UVR8 N400 ), uvr8-9 (UVR8 G202R ) and uvr8-15 (UVR8 G145S ), did not interact with wild-type COP1 (Fig. 1C and fig. S1 ). Similarly, nonfunctional mutant COP1 proteins representing cop1-4 (COP1
N282
) and cop1-19 (COP1   G608R   ) did not interact with wild-type UVR8 (Fig. 1C  and fig. S1 ). The failure of UVR8 interaction with the N-terminal 282 amino acids (COP1 N282 ) in the absence of C-terminal WD40 repeats indicated a requirement for this domain for the interaction. Consistent with this notion, expression of the C-terminal 340 amino acids (COP1   C340   ) comprising only WD40 repeats demonstrated that the WD40 domain of COP1 is sufficient for its interaction with UVR8 under UV-B (Fig. 1C  and fig. S1 ). Moreover, COP1
H69Y still interacted with UVR8 in a UV-B-specific manner (Fig. 1C) , in agreement with the ability of the corresponding cop1 eid6 mutant to respond to UV-B (11). Together with the results from cell-free protein extracts, UV-B-specific interaction of UVR8 with COP1 in yeast further supports the conclusion that UVR8 constitutes a plant UV-B receptor.
Previously, we described constitutive UVR8 dimers in mustard by bimolecular fluorescence complementation (BiFC) in transient assays (4) . However, reconstitution of a functional YFP in the BiFC assay is practicably irreversible, and thus dynamics cannot be captured (19) . We therefore turned to more appropriate experimental systems to investigate UVR8 dimer dynamics. First, endogenous UVR8 protein was coimmunoprecipitated with CFP-UVR8 from Pro 35S : CFP-UVR8 transgenic lines in a wild-type background ( Fig. 2A) . Negligible endogenous UVR8 was detected in the coimmunoprecipitates under supplemental UV-B, indicating a marked reduction in CFP-UVR8-UVR8 interaction that represents dimer formation ( Fig. 2A) . This strongly indicated the presence of UVR8 as a dimer in white light without UV-B and its monomerization under supplemental UV-B. In agreement with this indication, analysis of non-heat-denatured protein extracts revealed a marked accumulation of UVR8 monomers under supplemental UV-B as compared with minus-UV-B controls (Fig.  2B, upper panel) . In these experiments, however, UVR8 was almost undetectable in the minus-UV-B control (note the weak cross-reacting band that is also detectable in the uvr8-6 null mutant).
In (Fig. 2B, upper panel) . Thus, our antibodies to UVR8 clearly failed to detect the epitope on non-UV-B-irradiated UVR8. When the gel was irradiated with UV-B before protein transfer to the membrane, a prominent band of higher molecular weight was detected in the same extracts under these conditions. This suggested that UV-B irradiation of UVR8 increased accessibility of the epitope on endogenous UVR8 (Fig. 2B, lower panel) and thus indicated an in-gel conformational change in UVR8 upon UV-B perception linked to the in vivo monomerization of the UVR8 dimers. UVR8 monomerization was found to be a very rapid process detectable after 5 s of UV-B treatment of ) and before transfer to a membrane (lower panel). Under non-heat-denatured conditions, the apparent UVR8 dimer size is smaller than the expected 94 kD, indicating that the electrophoretic behavior of the not-fully-denatured UVR8 dimer is anomalous. ) resulted in a decrease of UVR8 dimers, which was independent of COP1. The UV-B irradiation conditions that result in UVR8 monomerization correspond to the ones causing UVR8-dependent gene expression changes in vivo [SOM and (4, 9, 11)].
protein extracts on ice (Fig. 2C) . Moreover, UVR8 monomerization was fluence rate-dependent and displayed a reciprocal relationship between treatment duration and fluence rate under the tested conditions ( fig. S2) . Finally, the decrease of UVR8 dimers upon UV-B irradiation was also apparent when proteins were cross-linked using dithiobis(succinimidyl propionate) (DSP) (Fig. 2D,  upper panel) , which generates reversible proteinprotein cross-links that can be cleaved by bmercaptoethanol (b-ME) (Fig. 2D, lower panel) .
To investigate whether COP1 affects UVR8 monomerization, we used DSP cross-linking on protein extracts from cop1-4 seedlings treated or not treated with UV-B. UVR8 monomerization was similar in cop1-4 and the wild type, demonstrating that UVR8 monomerization does not require functional COP1 protein (Fig. 2D) .
Together, these results demonstrate rapid monomerization of UVR8 dimers, probably as the result of the direct perception of UV-B by UVR8 and an associated conformational change (as suggested by epitope detection only after UV-B irradiation of UVR8 before or after electrophoresis, or after heat denaturation).
To further challenge the conclusion that the UVR8 protein has UV-B photoreceptor properties, we examined whether UVR8 monomerization also happens in heterologous systems. Indeed, dimers were detected when UVR8 was expressed in yeast cells grown under conditions devoid of UV-B radiation. In contrast, only UVR8 monomers were found after yeast was irradiated with supplemental UV-B (Fig. 3A) . UVR8 mutants that are nonfunctional and incapable of interacting with COP1 were also unable to form dimers (Fig. 3A) . Similar to yeast, UVR8 dimers from transfected human embryonic kidney (HEK) 293T cells monomerized in response to UV-B (Fig. 3B) .
Aromatic amino acids absorb UV-B radiation. Tryptophan, with an absorption maximum in solution at around 280 nm (which extends to 300 nm and is likely to be further shifted in a protein environment), is particularly suited as a potential UV-B chromophore (20, 21) (UV-B: 280 to 315 nm). This is in agreement with a recent action spectrum for HY5 gene activation by UVR8 that identified peaks at 280 and 300 nm (22) . Structure modeling according to the structurally related human RCC1 protein (12, 23) identified 14 tryptophans of UVR8 (the similarly sized human RCC1 contains only four), all located at the top of the predicted UVR8 b-propeller structure ( fig. S3) , with a particularly intriguing cluster at positions 233, 285, and 337 in the center of the protein structure (Fig. 3C  and fig. S3 ). To examine the potential involvement of these tryptophans in UV-B sensing, they were targeted by mutagenesis, changing them to alanine (UVR8 W285A and UVR8
W337A
) or phenylalanine (UVR8   W233F   , UVR8   W285F , and UVR8
W337F
). Whereas the W285A, W337A, and W233F mutations abrogated dimerization and W337F still showed UV-B-induced monomerization, mutation of tryptophan-285 to phenylalanine resulted in a constitutive UVR8 dimer with no response to UV-B (Fig. 3D and fig. S4 ). Yeast two-hybrid analysis revealed a constitutive interaction of UVR8 W285A with COP1, although not as strong as the UV-B-induced interaction of the wild-type proteins, and absolutely no interaction of UVR8 W285F with COP1 (Fig. 3E) . The latter was of particular interest, because dimer formation indicated that the overall structure was largely unaffected by the moderate single tryptophan-to-phenylalanine exchange, whereas UV-B perception was abrogated (absorption maximum of phenylalanine at 257 nm).
Taken together, the results presented here provide strong evidence that plant perception of UV-B is mediated by UVR8 as a UV-B-specific photoreceptor, and they support a tryptophan-based perception mechanism, with tryptophan-285 as a key residue. The UV-B-driven monomerization of the UVR8 dimers signals the receptor activation, which then is followed by interaction with COP1 to relay the signal. The constitutive expression of UVR8 throughout the plant ( fig. S5 ) (4, 13) allows any plant organ to immediately respond to UV-B exposure and to mount protective measures. UVR8 proteins are broadly present and well conserved among plants ( fig. S6 ). This raises the intriguing possibility that, together with the development of an ozone layer in the stratosphere of Earth (24), the evolution of terrestrial plants may be coincident with the acquisition of the UV-induced responses mediated by the UVR8 UV-B photoreceptor. 
